Abstract The present study explores morphological, genetic and phytochemical composition of Bunium persicum populations belonging to high altitudinal areas of Indian Himalayan region. In total, 23 morphological traits (13 quantitative and 10 qualitative traits) and 32 Random Amplified Polymorphic DNA primers were employed to infer the population structure of the species. Of the fourteen populations, five genetically diverse populations were analyzed for phytochemical diversity. Among morphological traits, inflorescence, seed and branch traits were most significant in detecting variation. At molecular level, primers TIBMBA-06 and OPR-16 were found most polymorphic with respect to Polymorphism Information Content and Marker Index values. Dendrogram grouped all populations into two major clusters while population from Shong region out grouped separately showing its distantness from all other populations. STRUCTURE analysis was done by using Bayesian model, which characterised all populations into four clusters and some degree of admixture was also observed within individuals. Shong population showed distinct genetic makeup as also suggested by dendrogram. Phytochemical analysis showed the presence of 55 components, of which, 2-methyl-3-phenyl propanal, benzeneacetic acid, 1-phellandrene, c-terpene, a-terpinolene, D0.3-carene and sabinene were major components in its essential oils. The present study revealed high genetic and phytochemical diversity in B. persicum accessions from north-western Himalayan regions. Specifically, accessions from Saptal regions were having higher quantity of essential oils and can be selected for cultivation to meet the commercial demand to some extent. Further, the diversity information provided herein can be useful in management and improvement of this species through future breeding programmes.
Introduction
Bunium persicum (Boiss) Fedtesch, also known as black cumin or Kala Zira, belongs to family Apiaceae. It is highly valued for its seeds, which are used as spice and medicinal constituents in many medications to cure a number of diseases. It is a small herbaceous plant that grows naturally in temperate to alpine regions (1850-3100 m, amsl) of the world and is considered to have originated from Central Asia to Northern India (Azizi et al. 2009 ). It is a perennial herb with a diploid chromosomal number of 2n = 14 (Sheidai et al. 1996) . As far as its global distribution is concerned, it is found in the high altitude regions of Iran and some parts of Afghanistan, Pakistan and Tajikistan in addition to India (Panwar 2000; Hanelt et al. 2001) . In India, it is distributed in sparse patches, which are confined to few high altitude Himalayan regions of Kashmir, Himachal Pradesh, and Uttarakhand. Generally, it grows as a wild plant in the forests and grassy slopes. The specific regions having its populations comprises of Kinnaur, Lahaul-Spiti, Pangi and Bharmaur regions of Himachal Pradesh, Ladakh and Padder valley of Jammu & Kashmir and some ranges of Uttarakhand Himalayas. It is a small plant, grows up to 80 cm in height, and produces white or pink compound umbel of flowers on the terminal and lateral stems during the third year of its life (Omidbeigi 1997) .
The seeds of B. persicum are mainly used as a carminative and spice in food industry for flavouring purposes (Pourmortazavi et al. 2005; Gincarlo et al. 2006) . Seeds are reported to have stimulant, expectorant, antispasmodic and diuretic properties (Chauhan 1999; Kala 2003) . Moreover, seeds are frequently used in treating diarrhea, dyspepsia, fever, flatulence, stomachic and numerous other diseases by local people (Sardari et al. 1998; Peter 2004; Panda 2004; Boskabady and Moghaddas 2004) . Further, the essential oils extracted from seeds are reported to have noteworthy antioxidative, antibacterial and antifungal activities (Shahsavari et al. 2008; Moghtader et al. 2009; Talei and Mosavi 2009; Sekine et al. 2007 ). Besides, its high commercial utility it remained overlooked and neglected for its cultivation practices and the major portion of the seed produce is harvested extensively from its natural habitats. This existing practice of unsustainable and unscientific exploitation of this species has resulted in reduction of its natural populations and has made it a plant of special conservation concern in north-western Himalayas. Although some efforts have been done in the recent years to domesticate it in certain areas of north-western Himalayas, but due to non-availability of suitable genotypes, cultivation remained very limited. There was only one site, namely, Shong in Kinnaur district of Himachal Pradesh, where it is being cultivated by folks. However, collectively wild and cultivated resources of B. persicum at present are not enough to meet the requirements of its different end users. Therefore, this crop needs much more attention at present for its sustainable exploitation by the farmers and improvement through scientific methods. Thus, the current situation demands the development of scientific and sustainable approaches to be followed by growers to increase the production and to conserve the diverse resources of this plant species existing in western Himalaya.
Exploration and evaluation of genetic diversity is a prerequisite for identifying the suitable genotypes in a crop, which can be utilized further for initiation of breeding and other improvement programmes. The breeding programmes can result in development of desired elite genetic stocks for commercial cultivation. In spite of prized herb having many therapeutic uses, the information on genetic diversity present among the different populations of B. persicum, especially in North-western Himalayan region is severely lacking. Similarly, information on biochemical and morphological diversity is also unavailable in this crop. The morphological characterization of many plant species is difficult because, they resemble morphologically and it is very difficult to differentiate between them (Martinez et al. 2007 ). This necessitates the use of molecular markers, particularly DNA markers for distinguishing accessions, removing duplicates, DNA fingerprinting of ambiguous genotypes, determining the extent of genetic diversity and signifying the path of domestication (Wunsch and Hormaza 2002) . Moreover, phytochemical evaluation is needed to identify genotypes with greater quantities of specific active principles, which can be included in breeding programme for further improvements of related traits (Shahsavari et al. 2008) . However, some reports on essential oil study in Iranian populations using GC/MS technique are available but no report on populations belonging to northwestern Himalayan region exits. Therefore, in present study we assessed the genetic diversity of B. persicum populations of North-Western Himalayan region using various morphological descriptors, randomly amplified polymorphic DNA (RAPD) markers and phytochemical parameters. The results of present study can be used to select diverse lines to be used for cultivation and production as of new cultivars directly or elite genetic stocks can be developed through systematic improvement programmes in future.
Materials and methods

Plant material
Material in the form of tubers was collected during October-November from the already demarcated areas on the basis of plant density and population diversity in the month of June-July. Tubers uprooted from isolated forest areas were designated as the different wild populations (Table 1) whereas tubers of cultivated population were collected from the Shong area, which is the only Bunium cultivating place of the entire area under study. Tubers of equal size and weight of all the populations were planted in the month of October at Mountain Agricultural Research and Extension Center (MAREC) Sangla situated at elevation of 2670 m amsl (78°16 0 18.92 00 E 31°25 0 46.18 00 N) in the Kinnaur district of Himachal Pradesh, India. All the populations were planted in a randomized block design with three replications. Forty tubers per population were planted in 2 m long plot of 2 rows in three replications with row to row distance of 40 cm and distance between two plants was 10 cm.
Morphological evaluation
Morphological data related to 23 traits were recorded at experimental fields at MAREC, Sangla under natural conditions. Of the 23 traits, 13 were quantitatively measured, while 10 were qualitative which were differentiated on the basis of a notable variation in these traits. The quantitatively measured traits were plant height, number of umbels per plant, umbelets per umbel, fertile umbels, fertile umbelets per umbel, seeds per umbelets, primary branching, secondary branching, internode distance, days to flowering, maturity group while qualitative traits were flower colour, leaf colour, leaf pigment, leaf pigment colour, stem pigment, stem pigment colour, pigment on umbel, umbel pigment colour, disease and insect attack on plant. Data for each trait was recorded on 20 randomly taken plants in three replications. Mean values of these replications were used to analyse the data. Different diversity measures such as variances, correlations and principal component analysis (PCA) were determined by using the software SYSTAT-12 and trial versions of XLSTAT and StatistiXL version 1.10.
Molecular analysis
DNA isolation and RAPD reactions
Fresh leaf samples from each plant were taken for DNA isolation. DNA was extracted using method described by Doyle and Doyle (1990) . Transparent DNA pallets were dissolved in appropriate amount of TE buffer. DNA quantification was done using 0.8% agarose gel and uncut k DNA. All the DNA stocks were diluted to make working DNA of 13 ng/ll. These working dilutions were also checked on 0.8% agarose before performing PCR reactions. RAPD technique given by Williams et al. (1990) was used to study DNA polymorphisms. Initially 53 RAPD primers were screened and finally 32 polymorphic RAPD primers were selected for genetic diversity analysis. RAPD reaction mixture was made as per Sharma et al. (2015) , which consisted of 1.5 ll DNA (13 ng/ll), 2.5 ll 109 PCR buffer (10 mM Tris-pH 9.0, 50 mM KCl, 0.01% Gelatin, 1.5 mM MgCl 2 ), 0.2 ll dNTPs (25 mM), 1.0 ll MgCl 2 (25 mM), 1.0 ll primer (2 lM/ll), 0.1 ll Taq DNA polymerase (5 U/ll) and deionised water to prepare total volume of 25 ll. The PCR was run with initial cycle at 94°C for 5 min, followed by 45 cycles of at 94°C for 1 min, 37°C for 1 min, and 72°C for 2 min. The final cycle consisted of 72°C for 7 min. Afterwards, PCR products were separated by electrophoresis using 1.5% (w/ v) agarose gel. Gel electrophoresis was carried out in TBE buffer at 70 V and DNA fragments were detected using ethidium bromide. Permanent photographs were captured with the help of Gel Documentation system (Syngene, USA).
Phytochemical evaluation
Five populations, which showed high molecular diversity, were taken for essential oils analysis using Gas chromatography/mass spectrometry (GC/MS). The seeds of each sample (250 g) were ground separately and subjected to hydro-distillation for 3 h, with Clevenger apparatus (Borosil, Mumbai, India). Oils were dried with anhydrous sodium sulfate and their percent oil content was calculated on the basis of seeds dry weight. Oils were stored at -4°C till GC/MS analysis which was done with the help of Shimadzu GC/MS QP 2010 system (Shimadzu Co., Japan), using HP-5 capillary column. Temperature of oven was kept 40°C for 4 min and raised to 220°C for 15 min at an increment of 4°C per minute. The carrier gas was Helium. Samples were run in a ratio of 1:50. Quantitative data were obtained in the form of peaks and essential oil components were identified by comparing their mass spectra with those of the spectral computer library. Confirmation of results was done by comparing retention indices to Safidkon and Rahinis' authentic compounds (Sefidkon and Rahimi 2002; Sefidkon and Jamzad 2005) .
Data analysis
All prominent and polymorphic fragments detected by RAPD primers were used to prepare binary data. This data was then used for all the downstream analyses. Unweighted pair group method of arithmetic mean (UPGMA) dendrogram using Jaccard's coefficient was constructed using software DARwin (Perrier and Jacquemoud-Collet 2006) . Factorial analysis was also done by DARwin software. Population genetic structure was inferred using STRUC-TURE software version: 2.3.3 (Pritchard et al. 2000; Falush et al. 2007 ). Parameters in STRUCTURE software were set as per Sharma et al. (2015) . Ten runs were performed with 3 iterations in a range of 1-14 populations for K. The length of burn-in period and number of Markov Chain Monte Carlo (MCMC) repeat after burn-in was set at 100,000. Results of STRUCTURE analysis were taken as input for STRUCTUREHARVESTER software (Evanno et al. 2005; Earl and Vonholdt 2011) which was used to calculate the best fit value of K.
Results and discussion
Morphological evaluation
A comprehensive evaluation of a species for the extent of genetic diversity present among the populations is highly beneficial for sustainable utilization of its available resources and for their management. The present study was an effort towards characterizing and correlating various morphological, molecular and phytochemical traits in B. persicum germplasm of western Himalayas. As morphological traits can be observed directly and easy to score, presence of phenotypic diversity increases the scope of a crop and provides opportunities to work upon. In different populations of B. persicum we found high variability in both qualitative and quantitative traits. Among the ten qualitative traits recorded, leaf colour was the most variable trait followed by flower colour, leaf pigment colour, stem pigment colour, umbel pigment colour and disease and insect attack on plant. Analysis of variance for 13 quantitative traits revealed the presence of significant diversity among populations for all the traits studied. Analysis of correlation of different traits was performed to ascertain the information on association of traits with seed yield and the inter-relationship among themselves. It was observed that 1000 seed weight has positive association with seed yield (r 2 = 0.743, p \ 0.05). Other traits having positive and high coefficient of correlation with seed yield were fertile umbels/umbel, primary branches, fertile umbelets/umbel, umbels/plant, umbelets/umbel and seeds/ umbel. This indicates that three traits namely seed size, number of fertile unbels and number of primary branches/plant are the important traits for direct selection of the desirable plants and one or two traits from yield contributing traits may be taken into consideration. All these traits also have positive correlations among themselves (Table 2 ). Traits such as plant height, internodes distance, days to flowering and days to maturity were having very low correlations with seed yield and other yield contributing traits. Preliminary studies by few earlier workers also reported morphological diversity in this crop (Kapila et al. 1997; Mittal et al. 2006) . The variation in these traits may be attributed to climatic condition prevailing in the isolated habitats, which are separated by extreme geographical conditions such as higher peaks and deep ravines of Greater Himalayas. In addition, adaptability to very cold climatic (-45°C), regimes by different populations can be a reason behind these variations. The principal component analysis indicated that the first principal component (PC1) was accounting for 46.2% of the variance. The important traits included in the PC1 were fertile umbel, fertile umbelets/umbel, umbel/plant, umbelets/umbel, primary branches/plant, seed weight, seeds/umbel and yield/plant (Fig. 1) . While PC2 was contributing 16.2% variance and traits included in this group were days to flowering, 1000-seed weight and maturity group. Similarly, PC3 and PC4 were showing 13.3% and 7.0% variance with major traits of plant height, seeds/umbelets, secondary branching, internodes distance and days to flowering respectively (Table 3 ). The PCA analysis further showed that first four components were harboring 82.9% variations and major traits contributing to this variation were inflorescence related traits, primary branches/plant, seed weight, seeds/umbel, 1000-seed weight, maturity group, plant height, secondary branching and internodes distance and days to flowering. Therefore, traits directly related to seed, branching, days to flowering and maturity group can be considered very important from the improvement point of this crop. Euclidean distance based cluster analysis based on morphological traits suggested two main clusters, while Sangla population out grouped (Fig. 2) . Cluster I contained the nine populations belonging to Chamba, Kinnaur and Lahaul-Spiti districts. The early flowering & medium maturity, large number of secondary branches and longer internode distance characterized these populations. Cluster II was composed of four populations, all belonging to Kinnaur district and characterized by low yield and small plant size. The relationships among studied population revealed by dendrogram on the basis of quantitative traits data matrix was phenotypic in nature. The low precision of dendrogram may be attributed to less numbers of traits recorded and continuously varying nature of these traits.
Molecular analysis
The DNA based markers provide an important tool for the precise estimation of genetic diversity with additional advantage that they are not influenced by the environmental conditions. Molecular diversity analysis using 32 polymorphic RAPD primers generated 164 bands in a size range of 100-2800 bp. Of these, 120 bands (73.1%) were found to be polymorphic across analyzed populations. The average numbers of polymorphic bands were 3.75 among all the primers. Primer OPR-16 amplified maximum of 9 bands while maximum polymorphism information content (PIC) and marker index (MI) was detected by primers TIBMBA-06 and OPR-16, respectively. We detected mean values of PIC and MI were 0.366 and 1.51 respectively, which indicate that sufficient polymorphism is present in all populations analyzed. Other workers have employed different types of markers to study the genetic diversity of wild collections of B. persicum in different parts of world (Hashemi et al. 2010) . In Iranian populations of B. persicum 86% and 75% polymorphism has been reported with RAPD and AFLP markers respectively (Azimzadeh et al. 2012 ) while here we recorded an overall polymorphism of 73.1%, which is comparable to these earlier reports (Table 4) . The dendrogram based on RAPD polymorphism using Jaccard's dissimilarity coefficient grouped all the populations of B. persicum into mainly two clusters but the Shong population was separated as a different out-group (Fig. 3) . Group-I was comprised of Saptal, Purthi and Thunaar populations while group-II was consisted of ten populations, namely, Kukumseri, Chamrat, Jangi, Rispa, Kalpa, Tindi, Chansu, Batseri, Sangla and Moorang. Two directional factorial analysis also revealed that various populations were distributed mainly into two groups (Fig. 4) . Although, populations from same region largely grouped together, which was in agreement with earlier reports in this species from various regions of the world (Majeed and Sharma 2006; Jahansooz et al. 2007; Pezhmanmehr et al. 2007 ). This may be due to its long term cultivation that may have resulted into accumulation of some desirable allelic combinations in the population due to prolong selection pressure. Further, grouping of RAPD based dendrogram was in discordance to morphological grouping but showed more precision than the later. The differences in genetic diversity information generated by morphological traits and molecular markers my be accounted by numerous reasons. Generally, morphological variation is highly influenced by environmental conditions and morphological similarities or differences are not always reflected at genetic level (John et al. 1997) . Moreover, adaptive value for specific traits may have accumulated in specific ecological conditions of their habitat, irrespective of the genetic origins of the populations (Steiner and los Santos 2001) . Bayesian clustering grouped 14 populations into four clusters. Cluster-I was the largest having seven populations namely, Kalpa, Moorang, Rispa, Jangi, Kukumseri, Chamrat and Sangla. All the populations in this cluster were showing more than 80% membership (Fig. 5) . It was interesting to observe that only cultivated population from Shong formed a discrete cluster and not sharing any genetic similarity with rest of the populations. The four genetic clustering was influenced by geographic proximity and habits of the plant. Cluster-II was entirely pure and different from other three clusters (Fig. 5) . It represented cultivated population of Shong, the cultivation practice followed from historical times, selection pressure and recombination events within same population may have given rise to entirely different allelic combinations. Geographic distribution of genetic structure revealed that two gene pools (cluster-I and cluster-IV) were spread along entire region under investigation and seems to be primitive or parent gene pools, from which two others (cluster-II and cluster-III) have originated through isolation and self hybridization events. Admixture within populations (Sangla and Tindi) was also observed, which may be the result of cross breeding behaviour of different populations (Fig. 6) . Thus, it can be inferred that geographic topology and habits of the plant are major factors in shaping its genetic structure. 
Phytochemical evaluation
The seeds of B. persicum are used in pharmaceutical industry for its important essential oils and as spice in food industry. Therefore, it is important to characterize these populations for various phytochemicals to the benefit of farmerimg community and industry. Total essential oils estimation of B. persicum by GC/MS analysis revealed that Saptal population of Lahaul Valley yielded maximum essential oil (6.4%) and the cultivated population from Shong possessed the lowest (3.8%) percentage of essential oils. Similar percentage of essential oil contents (5.1-6.2%) has been reported in the cultivated samples of Iranian B. persicum (Azizi et al. 2009 ). However, in Iranian B. persicum, essential oil content in fresh and dried seeds was reported to be 5-14 and 3-6% respectively (Azimzadeh et al. 2012 ). In total fifty-five compounds were identified, representing 98.59% of total essential oils of Shong Fig. 3 Dendrogram based on RAPD data constructed using Jaccard's similarity coefficient and UPGMA method ) and b-myrcene (1.05-1.54%). The compound 2-methyl-3-phenyl propanal is analogous to widely reported cuminaldehyde (Table 5 ). Highest concentration of 2-methyl-3-phenyl propanal was observed in Kalpa population (32.62%) followed by Shong population (30.4%). Population of Moorang was found to possess highest concentration of both 1-phillandrene (21.84%) and c-terpinene (41.27%). Considerable percentage of acetylphenylcarbinol was detected in only two populations i.e. in Chansu (16.68%) and Kalpa (13.87%), although it was completely absent in rest of three populations. Similarly, Bicyclo (3.2.1) oct-2-ene, exo-4-(phenyl sulphonyl) (27.52%) was found to be present only in Saptal population. Further, grouping of populations based on their phytochemical components showed that, of the five populations, Chansu was most distant than other four (Saptal, Kalpa, Shong and Moorang) populations. Saptal and Kalpa populations were most similar (Fig. 7) . As the prevailing climatic regimes and adaptive behaviour of plant towards these regimes can alter the genetic variation, the altered genetic components can have direct or indirect impact on the composition and biological activity of an active principle (Heywood 2002) . Some earlier worker have observed a correlation between altitudinal variations with phytochemical variations and found that higher altitude samples possess lower amount of these constituents (Vokou et al. 1993) , no such correlation was found in our study. In agreement with our results, c-terpene and cuminaldehyde are the major essential constituents in Indian black cumin collections (Shankaracharya and Shankaranarayanana 1988) . Gamma-terpinene, q-cymene and bpinene are considered to be responsible for deterioration of spice quality (Salehi et al. 2008; Thappa et al. 1991; Baser et al. 1997; Foroumadi et al. 2002) but different populations showed their variable amount in them. Therefore, we can have more choices of accession to be included in improvement programmes of this species. Further, essential oils research in Satureja bachtiarica species have shown significant correlation and association between morphological and phytochemical traits (Khadivi-Khuba et al. 2014 ) However, in this study, we did not found any statistically significant association between studied morphological, molecular and phytochemical traits of black cumin. Further, in collective examination of phytochemical and structure analysis we found that Saptal and Kalpa populations were having maximum essential oils and cuminaldehyde contents respectively; genetically these populations were having pure lines in different gene pools. Therefore inclusion of accessions from these populations in breeding programmes can yield better results. Likewise, we can choose suitable accessions on the basis of their phytochemical contents and genetic makeup. Overall, estimates of genetic diversity of B. persicum germplasm using DNA markers can have several implications in crop improvement programmes.
Conclusion
Present study reported high morphological, molecular and phytochemical diversity in analyzed B. persicum populations from north-western Himalayas. It is a positive aspect of these populations in contemporary environment, which otherwise is more depressing towards this plant species. The divergence of B. persicum germplasm can be helpful in perpetuation of this species through adaptation to changing climatic conditions. Moreover, this high phytochemical diversity also indicates the higher potential of B. persicum germplasms in terms of its essential oil based industrial produce. Further, diverse populations pointed in this study can prove an asset for initiating breeding programmes in this crop. It is suggested that diverse lines should be conserved under in situ conditions and should be multiplied by cultivation. The areas having natural populations of B. persicum should be identified and developed as conservatories by reducing anthropogenic disturbances.
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